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I. INTRODUCTION
ERY high speed wide bandwidth operational amplifier is V the key component for high speed information processing system. Most of the high performance operational amplifiers reported before are made of Si BJT technology. Since GaAs material has much better high speed performance than silicon, some op-amp production based on GaAs MESFET technology came into practice [l] and also some very high performance op-amp circuit sample, such as "An Ultrahigh-speed GaAs MESFET Operational Amplifier" [2] was reported. The slewrate of the circuit sample said above is about 600 Vlps, the unity-gain bandwidth is about 10 GHz. But the value of input voltage offset of the GaAs op-amp is bigger and thus with relatively low Common Mode Rejection ratio (CMRR).
As the same GaAs-based device, HBT has almost the same high speed characteristics as GaAs MESFET device, because the current flow from base injected to emitter is governed by the emitter-base built-in potential, and this potential is determined by the vertical structure parameter of epilayer and thus uniformly distributed between devices, so that the input voltage offset of op-amp is very small, and also because the recombination effect of carrier trap is small, the better resolution results are expected. Besides, HBT op-amp can be operated at higher temperature (250-350°C) condition and with low llf noise [3] , [4] .
The purpose of our paper is to try to demonstrate HBT opamps having high speed, wide bandwidth, high common-mode rejection ratio, and other good experimental results.
Using carbon as the dopant of p-type [5] , the base region doping concentration can be chosen to be higher than 4 x lo1' ~m -~. This not only reduces the base resistance but also gives rise to a high punchthrough voltage, thus improving performances of the operational amplifier. 
HBT DEVICE DESIGN AND FABRICATION
The typical layer structure of an AlGaAslGaAs HBT for high speed operational amplifier application is shown in Table I . The wafer was prepared by MOCVD method. Carbon was used as the base layer p-type dopant for its low atomic diffusivity, higher doping concentration capability, and higher hole mobility.
Thickness of each layer and concentration of impurity were decided by considering breakdown voltage, ohmic characteristics, process flexibility, and other factors. We select base doping concentration up to 4 x lo1' cm-3 and emitter only to 4 x 1017 ~m -~, so the base-emitter breakdown voltage can be achieved more than 6 V. The lower emitter doping decrease the input emitter/base junction capacitance.
After epitaxial growth, the AlGaAslGaAs HBT's active device areas on the wafer was defined by O+ and H+ implantation deep to SI substrate. The fabrication process used was base metal to emitter mesa and collector metal to base mesa self-aligned process, see Fig. 1 . After isolation, a single photoresist pattern is used to define an etch-down to the collector layer of an HBT structure, thereby establishing the active collector area. After wet etching, the AuGeNi/Au were evaporated to form collector to base mesa self-aligned metals. Then alloying at 450°C for 10 s was performed to achieve extremely low contact resistivity of 1.03 x &m2. Subsequently, the emitter contact metals were defined by lithography and evaporated by AuGeNUAu. After alloying at 450°C for 10 s, the emitter contact resistivity measured by TLM was 5.1 x 10-7Q.cm2.
The base was also made self-aligned. The separation distance between the deposited base metal and the active emitter mesa is controlled by the degree of undercut during the etchdown to the base layer. This separation may be less than 0.2 pm to minimize the base resistance. AuZn/Au were used for base contact metals. Following the lift-off, the wafer was alloyed at 41OOC for 6 s. The excellent ohmic-contact 
OP-AMP DESIGN
The operational amplifier IC was designed and fabricated using the developed HBT's. It consists of a differential input amplifier, a common-emitter amplifier, a level-shifter, and an emitter follower. A schematic of this operational amplifier IC is shown in Fig. 2 . In the differential input amplifier stage, we used T I O , R3 as equivalent load resistance of transistor T3, to
increase low frequency open-loop gain of the op-amp. Since emitterhase on-voltage of the HBT is about 1.5 V, the HBT op-amp has better input voltage range (-1 to + 1 V).
To achieve high common-mode rejection performance, the symmetrical distribution was adopted in the input differential amplifier. The output voltage of the circuit can be adjusted to zero when input voltage is zero through the level-shifter, and typical power supply voltages V,, and VEE are defined at +5 and -5 V, respectively. Circuit simulations were performed by SPICE based on electrical parameters of a single transistor elements. Voltage transfer characteristics from input (-1 to +1 V) to output was given in Fig. 3. From Fig. 3 , we can see the voltages transferred at the point "zero." Fig. 4 showed a relationship of gain versus frequency bandwidth responses for the op-amp. The unity-gain frequency was showed in the order of 4 GHz.
IV. HBT OP-AMP IC PERFORMANCE
The operational amplifier was completed by self-aligned HBT process that incorporates active devices isolation, nichrome 100 Rlsquare resistors and two levels of interconnect metals process. Fig. 5 shows the photograph of a completed operational amplifier chip.
The performance of the HBT operational amplifiers IC mounted on ceramic flat package was measured. We first looked at the performance with low frequency analog inputs. The voltage transfer characteristics of inputs (-1 to +1 V) as well as the outputs are shown in Fig. 6 . In Fig. 6 , measurements confirmed that the input and output voltages were balanced at 0 V, and the open-loop voltage gain at the low frequency is nearly 40 dB. To demonstrate the highly uniform and better symmetry of input impedance, we measured common mode rejection ratio performance of the HBT operational amplifier. The common-mode transfer characteristic curve was shown in Fig. 7. In Fig. 7 , the input common-mode voltage range is nearly 4 V. Because of the CMRR is inverse ratio to slope of the common-mode transfer characteristic curve, the less the slope is, the higher the CMRR reaches. From the curve, we calculated the CMRR values in the order of 70 dB. This value is better than that of GaAs FET op-amps. After measurement, we also get the value of input voltage offset of this op-amp to be about 5 mV, which is much better than the experimental results of GaAs MESFET op-amp reported before.
For high-speed performance, the HBT operational amplifiers were measured. A typical output waveform is shown in Fig. 8 , where the frequency was 50 MHz and the slew-rate reached 500 V / p s with a setting time of only about 8 ns. Fig. 9 shows the output waveform for the op-amp response to the input 1.05-GHz frequency. The vertical division of the output waveform is equal to 200 mV/div, and horizontal division of that is equal to 5 ns/div. The open-loop voltage gain is about 14.5 dB at 1.05-GHz frequency, so that unity-gain frequency was analog extrapolated to about 2 GHz. Throughout the tests, the value of the compensation capacitance is 1 pf, the bias current used in the op-amp chip was about 10 mA, and the power supply voltages V,, and V,, are +5 and -5 V, respectively.
The power dissipation for an HBT operational amplifier was approximately 100 mW.
V. CONCLUSION
AIGaAs/GaAs HBT high speed, wide bandwidth operational amplifier have been designed, fabricated, and tested. Photograph of the output waveform response to the input 1.05-GHz Photograph of the output waveform of the op-amp response to the
